Tyrosyl-DNA phosphodiesterase 1 (Tdp1) is a key enzyme that hydrolyzes the phosphodiester bond between tyrosine of topoisomerase and 3#-phosphate of DNA and repairs topoisomerase-mediated DNA damage during chromosome metabolism. However, functional Tdp1 has only been described in yeast and human to date. In human, mutations of the Tdp1 gene are involved in the disease spinocerebellar ataxia with axonal neuropathy. In plants, we have identified the functional nuclear protein AtTDP, homolog to human Tdp1 from Arabidopsis (Arabidopsis thaliana). The recombinant AtTDP protein certainly hydrolyzes the 3#-phosphotyrosyl DNA substrates related to repairing in vivo topoisomerase I-DNA-induced damage. The loss-of-function AtTDP mutation displays developmental defects and dwarf phenotype in Arabidopsis. This phenotype is substantially caused by decreased cell numbers without any change of individual cell sizes. The tdp plants exhibit hypersensitivities to camptothecin, a potent topoisomerase I inhibitor, and show rigorous cell death in cotyledons and rosette leaves, suggesting the failure of DNA damage repair in tdp mutants. These results indicate that AtTDP plays a clear role in the repair of topoisomerase I-DNA complexes in Arabidopsis.
In all living organisms, a variety of DNA damage is constantly caused by replication errors, UV light, ionizing radiation, DNA damage agents, etc. Once DNA damage has occurred, specific DNA repair proteins, such as AP endonuclease, RAD1 (for radiation sensitive), RAD9, RAD51, XRCC2 (for x-ray repair crosscomplementing), Ku80 (XRCC6), and ligase, initiate to act through the repair pathways (Wood et al., 2001) . Defects in DNA damage repair have evolved into cancer or genetic diseases in mammals and affect productivity or growth in plants (Tuteja et al., 2001; Wood et al., 2001 ).
In the repair of DNA-protein cross-links, tyrosyl-DNA phosphodiesterase 1 (Tdp1) is known as a unique protein. Tdp1 was initially reported as an active enzyme in Saccharomyces cerevisiae that specifically removes the Tyr group from the covalent intermediate between the Tyr residue and the terminal 3#-phosphate of the oligonucleotide (Yang et al., 1996) . Subsequently, the yeast TDP1 gene was identified and showed highly conserved sequences with other organisms, such as Caenorhabditis elegans, Drosophila melanogaster, Mus musculus, and Homo sapiens (Pouliot et al., 1999) . The Tdp1 homologs of these species are members of the phospholipase D (PLD) superfamily (Pouliot et al., 1999; Interthal et al., 2001 ). Yeast Tdp1 is mainly studied concerning the topoisomerase I-repair pathway using double or triple mutants. The deletion mutations of yeast Tdp1 were shown lacking in the repair of DNA damage induced by a topoisomerase inhibitor, the anticancer drug camptothecin (CPT; Pouliot et al., 2001; Liu et al., 2002; Vance and Wilson, 2002) . Tdp1 has been further implicated in multiple repair pathways, including the damage repair of topoisomerase II-DNA in yeast (Nitiss et al., 2006) .
In multicellular eukaryotes, the defect of human Tdp1 has resulted in the neurodisorder disease spinocerebellar ataxia with axonal neuropathy (SCAN1; Takashima et al., 2002) . SCAN1 is a rare autosomal recessive neurodegenerative disease, and the patients present distal muscle weakness and peripheral neu-ropathy (Interthal et al., 2001; Takashima et al., 2002) . SCAN1 is caused by a missense mutation in the Tdp1 catalytic site. As in yeast, the human Tdp1 protein plays a role in the repair of topoisomerase I-DNA complex lesions in SCAN1 cells (El-Khamisy et al., 2005; Miao et al., 2006) . SCAN1 cells are hypersensitive to CPT (Interthal et al., 2005; Miao et al., 2006) and accumulate single-strand break and double-strand break DNAs by CPT (El-Khamisy et al., 2005) .
At present, although the functional analysis of Tdp1 has been widely conducted in yeast and human cell lines, its role in the overall growth and development of higher plants remains unknown. Here, we investigate the function of a novel Arabidopsis (Arabidopsis thaliana) TDP, a human and yeast Tdp1 homolog. The AtTDP protein shows the DNA damage-repairing activity and substrate specificities in biochemical assay. The dwarf phenotype of the Arabidopsis tdp mutant may be due to the reduced cell number caused by the accumulation of DNA damage and progressive cell death during Arabidopsis development.
RESULTS

AtTDP Encodes a Tdp-Related Protein in Arabidopsis
Molecular analysis of the AtTDP gene revealed that the inserted locus of T-DNA was in exon 4 of the At5g15170 gene of Arabidopsis (GenBank accession no. FJ858738; Fig. 1A ). This gene encodes a Tdp-related protein and consists of 5# and 3# untranslated regions, 15 exons, and 14 introns. The full-length AtTDP cDNA was 1,818 bp and encoded a protein of 605 amino acids. We determined the expression levels of neighboring genes near the T-DNA insert site in tdp plants including AtTDP. Only the AtTDP gene was fully suppressed in tdp plants (Fig. 1B) . The neighboring genes were not affected by enhancers of T-DNA. At the level of transcript accumulation in the wild type, AtTDP was ubiquitously expressed in all examined tissues, while its transcript level was relatively low in roots (Fig. 1C ).
An alignment of AtTDP exhibited sequence homology to the TDPs of H. sapiens (34% identity), S. cerevisiae (43% identity), C. elegans (28% identity), D. melanogaster (29% identity), M. musculus (32% identity), and Oryza sativa (54% identity; Fig. 1, D and E) . The encoded AtTDP protein consisted of two conserved domains, the SMAD/Forkhead-associated (FHA) domain and the TDP domain (Fig. 1E) . The FHA domain contained 95 amino acid residues. Recently, FHA-containing proteins have been shown to interact with phosphorylated protein targets (Durocher and Jackson, 2002) . TDP proteins show sequence identities as members of the PLD superfamily. An important feature of their sequences is the presence of an HKD signature motif for the active site of the TDP domain (Interthal et al., 2001) . Even though Arabidopsis TDP shows low sequence homology to those of human and yeast, AtTDP protein remarkably contains two conserved HKD [HxK(x) 4 D] motifs in the TDP domain needed for catalytic activity that enables the TDP enzyme to specifically hydrolyze the topoisomerase I-DNA complexes (Fig. 1E) . Moreover, AtTDP obviously contained His and Lys in the HKD motifs, which are in the active site of this enzyme (Pouliot et al., 1999; Interthal et al., 2001) .
To further test the nuclear localization of AtTDP, GFP was ligated to the 3# terminus of the AtTDP gene and the construct was transfected into Arabidopsis mesophyll protoplasts. As a control, the red fluorescent protein (RFP) gene fused with the terminal flower2 (TFL2) gene was expressed under the control of the same promoter. Although AtTDP does not possess any nuclear localization sequences (NLSs) or putative NLSs in sequence analysis, while human Tdp1 has two putative NLSs for nuclear localization in the N-terminal regions (Barthelmes et al., 2004) , AtTDP was seen to be localized in the nucleus for its enzymatic activity (Fig. 2) . Therefore, further sequence analysis of AtTDP may be necessary to elucidate the mechanism for nucleus targeting.
AtTDP Has Tyr-Phosphodiesterase Activity for the Topoisomerase-DNA Complex When DNA replication or transcription is progressing, topoisomerases form complexes with DNA as short-lived catalytic intermediates. The Tyr residue (Tyr-723) of topoisomserase I is attached to the 3# terminus of single-strand DNA (Pommier et al., 1998) . To determine the enzyme activity of recombinant AtTDP protein, we generated the recombinant AtTDP protein in Escherichia coli. We added serial dilutions of the proteins and incubated with the 18-Y oligonucleotide, an 18-mer containing a Tyr 3' terminus, as a substrate (Fig. 3A) . As shown in Figure 3B (top), the recombinant AtTDP protein efficiently hydrolyzed the phosphodiester bond between Tyr and the 3# end of the DNA, oligonucleotide-Tyr substrate. It is likely eliminated that the enzymatic activity observed here is caused by a contaminating E. coli protein, because E. coli does not possesses a TDP and no activity was detected in the mock-purified preparation when tested at the highest concentration. Furthermore, to show direct evidence, we generated the deletion mutation in the coding region for the most conserved amino acids in the HKD motif. The mutant protein (D235-244) was expressed in E. coli, purified, and tested for activity. As in Figure 3B (bottom), the mutant protein was approximately 1,000-fold less active than the wildtype AtTDP protein.
If the topoisomerase-DNA complexes are not cleaved properly, these complexes accumulate in the cells and lead to DNA damages (Svejstrup et al., 1991; Chen and Liu, 1994; Pommier et al., 1998) . When topoisomerase I-DNA covalent complexes meet replication forks, various DNA breaks appear before and after collisions, such as single-strand DNA, double-strand blunted, double-strand nicked, and double-strand tailed DNA. But TDP efficiently repairs these damages in normal cells. Therefore, to test the substrate specificity of AtTDP, we prepared the potential substrates, including nicked, tailed, and blunted duplex DNA (Supplemental Fig. S1 ). AtTDP protein showed that blunted, tailed, and nicked duplex DNAs were cleaved to similar extents to single-strand DNA (Fig. 3D) .
Loss of Function of AtTDP Exhibits Extreme Dwarfism in Arabidopsis
A tdp mutant was isolated from an Arabidopsis activation T-DNA-tagging mutant pool screened by abnormal phenotypes. Homozygous tdp mutants ex- RefSeq accession no. NP_009782); ce, Caenorhabditis elegans (NCBI RefSeq accession no. NP_500149); dm, Drosophila melanogaster (NCBI RefSeq accession no. NP_523465); mm, Mus musculus (NCBI RefSeq accession no. NP_082630); hs, Homo sapiens (NCBI RefSeq accession no. NP_060789); os, Oryza sativa (NCBI RefSeq accession no. NP_001059844), at, Arabidopsis thaliana (NCBI RefSeq accession no. NP_197021). Amino acid sequence identity (%) with AtTDP is as follows: sc, 43%; ce, 28%; dm, 29%; mm, 35%; os, 54%; hs, 34%. Asterisks indicate single, fully conserved residues, colons represent conservation of strong groups, dots indicate conservation of weak groups, and dashes represent no consensus. The AtTDP protein has two conserved domains, a SMAD/FHA domain (gray dashes) and a TDP domain (black line). The two HKD motifs in the TDP domain are indicated by gray boxes and conserved among eukaryotes as well as yeast.
hibited a wide variety of developmental defects, including loss of apical dominance, early flowering, and a dwarf phenotype ( Fig. 4 ; Table I ), whereas heterozygous TDP/tdp plants were morphologically similar to the wild type (Supplemental Fig. S2A ). When the AtTDP open reading frame was overexpressed in the sense orientation in the tdp background, the wild-type phenotype was restored (Supplemental Fig. S2B ). From an early vegetative stage, tdp plants displayed extremely small cotyledons, extremely small juvenile rosette leaves, and short petioles (Fig. 4, A and B) . The length of rosette leaves in tdp plants was approximately 10% to 20% that of wild-type leaves. The length of tdp petioles was about 20% that of wild-type petioles (Table I ). The tdp mutants exhibited uneven leaf surfaces when compared with the wild type (Supplemental Fig. S3 ). The trichome numbers on the fifth leaves of tdp plants were reduced up to 20%, and the trichomes were abnormally branched (Fig. 4, E and F) . One of the most remarkable features of tdp plants was observed in stems. The inflorescence stem was slender, shorter, and twisted. The trichomes on the stem showed reductions in number and length (Fig. 4, G and H) . In the transverse section, the diameter of tdp1 stems was much shrunk (Fig. 4, I and J). The central cylinder contained only four to five vascular bundles, in contrast to eight vascular bundles in wild-type plants. The tdp1 stems did not show distinctive layers in epidermis, cortex, and central cylinder (Fig. 4, K and L) .
In the reproductive stage, the organs of tdp flowers were drastically small (Fig. 4C ). Stamen and pistil were significantly less than for the wild type. Furthermore, the stamen length was too short to release the pollen onto the stigmatic surface (Fig. 4 , M-R). The tdp anther was hardly dehiscent and dried up (Fig. 4 , O and P). The tdp mutants significantly displayed low fertility (less than 0.01%). The silique length in tdp plants was about 50% less than that of the wild type (Fig. 4S) ; however, seed size was indistinguishable from the wild type (Fig. 4, T 
and U).
The tdp Dwarf Mutant Is Caused by Reduced Cell Numbers
Since tdp plants displayed decreased organ size, tdp plants were further analyzed on a cellular basis. In general, organ size is affected by cell number or cell size. Therefore, we took these parameters into account to analyze the reduced size or length of tdp organs. Scanning electron microscopy (SEM) showed the epidermal tissues with similar cell size in these leaves and petals (Fig. 5 , A-L). As shown in Figure 5M , cell sizes in adaxial and abaxial epidermis of tdp rosette leaf and petal epidermis were not changed. However, the organ sizes of leaf and petal in the tdp mutants exhibited approximately 90% and 75% reduction, respectively (Fig. 5, N and O) .
Therefore, we further examined the causes of reduced cell number. First, we analyzed whether the expression of mitotic cell cycle-related genes, such as G2/M-specific genes (CYCA and CYCB genes), G1/Sspecific genes (CYCD genes), S-specific genes (histone H4 and WEE1), and CDKs, are changed. Although the expression of CYCA1;1, CYCB2;3, and CDKB2;2 was slightly increased in tdp mutants (120% or less), the expression levels of the other genes did not show significant changes between wild-type and tdp plants ( Fig. 6A ; for primers, see Supplemental Table S1 ). Moreover, we examined ploidy in the tdp mutant. The cytometric data revealed that cells in 10-d-old wildtype and tdp cauline leaves contained nuclei up to 2C, 4C, 8C, and 16C (Fig. 6B) . The ploidy in leaf cells of wild-type and tdp plants showed the highest peak at 4C. The overall peak pattern was similar between wild-type and tdp plants (Fig. 6B) .
The tdp Mutant Is Hypersensitive to CPT and Caused by Progressive Cell Death CPT specifically binds to both topoisomerase I and DNA by hydrogen bonding and stabilizes these complexes. This prevents DNA religation and thus causes DNA damage (Vance and Wilson, 2002 ). When we examined the effect of CPT treatment in Arabidopsis, tdp mutants were significantly hypersensitive to CPT. The tdp plants showed severe growth retardation, and chlorophyll contents were remarkably reduced at 0.1 mM CPT (Fig. 7, A and B) . In addition, when treated with 0.1 mM CPT and stained with trypan blue, tdp Q and R, Pistils of wild-type (Q) and tdp (R) plants. S, Comparison of mature siliques between the wild type (right) and tdp (left) using light microscopy. T and U, Mature seed of wild-type (T) and tdp (U) plants. C, Cortex; E, epidermis; P, phloem; X, xylem. Bars = 1 mm for A and C, 5 mm for B and S, 3 cm for D, and 100 mm for E to R and T to U. Wild type 6.1 6 0.1 22.5 6 0.61 12.6 6 0.6 41 6 2.8 10 6 3.1 3.72 6 0.8 tdp 5.5 6 0.1 15.3 6 0.4 6.1 6 0.6 6.3 6 0.5 2 6 0.1 13.33 6 2.7 leaves were strongly stained throughout the entire leaf while only a few little blue spots were observed in wild-type leaves (Fig. 7C) , suggesting that failure of DNA damage repair results in progressive cell death in the tdp mutant. Excessive accumulation of DNA damage often results in apoptosis, senescence, tumors, or cell death. We further examined the possibility that decreased cell number in tdp mutants is caused by progressive cell death during Arabidopsis development. To investigate whether the dwarf phenotypes of the mutants are generated by cell death, we directly stained cotyledons and rosette leaves of wild-type and tdp plants with trypan blue. Trypan blue is used to selectively stain dead tissues or cells with a blue color (Koch and Slusarenko, 1990) . Cell death in tdp plants began to be visible from early developmental stages. The cotyledons of tdp plants were strongly stained in the marginal regions, and juvenile rosette leaves were also intensively stained all over, while the staining of those in the wild type was insignificant. In addition, whole tdp seedlings also showed intensive staining (Fig. 7C ).
DISCUSSION
We have identified the Arabidopsis TDP gene, a human and yeast Tdp1 homolog, related to the repair of covalent protein-DNA adducts. Arabidopsis TDP has 34% sequence identity with H. sapiens and 43% identity with S. cerevisiae. Tdp1 proteins in yeast and human, as members of the PLD superfamily, show the HKD signature motif, which is in an active site of the Tdp1 enzyme (Interthal et al., 2001) . Even though Arabidopsis TDP shows low sequence homology to those of human and yeast, AtTDP protein remarkably contains the two conserved HKD motifs needed for enzyme activity of TDP that specifically hydrolyzes the topoisomerase I-DNA complexes. And the protein is efficiently localized in the nucleus. Therefore, we tested the possibility that AtTDP may show enzyme activity in a similar manner as yeast and human Tdp1 proteins. In biochemical and functional analysis, the recombinant AtTDP protein was certainly active on single-strand, tailed, and blunted duplex DNAs, catalyzing the hydrolysis of the 3#-phosphotyrosine bond, and the substrate preferences of AtTDP are consistent with those of yeast and human Tdp1s.
The novel AtTDP protein is required for normal growth and development in Arabidopsis. Plants homozygous for a loss-of-function AtTDP mutation resulted in a dwarf phenotype with developmental defects in Arabidopsis. The abnormalities of tdp plants were observed in vegetative and flowering development, showing reduced fertility. From the early vegetative stage, growth was retarded and organ size was very small in tdp mutants. Moreover, stems of tdp plants were very slender. The flowers were quite small and displayed very low fertility. To understand the causes of decreased organ size in tdp plants, we analyzed some parameters in detail. As reported above, while the organ sizes of leaves and petals in tdp mutants were largely reduced compared with those of wild-type plants, the epidermal cell sizes in leaves and petals were unchanged in tdp mutants. Therefore, we analyzed whether the mitotic cell cycle genes were expressed in tdp mutants. CYCD3:1 and CDKA have an important role in the G1-to-S phase transition (Menges et al., 2006) . A nonmitotic cyclin, the CYCD3:1 gene, displays the integration of cell division in Arabidopsis leaf. At a DNA damage checkpoint, CDKA stops the progression of the cell cycle when DNA is damaged. Moreover, CDKA was reported as a target of WEE1 kinase in Arabidopsis. The Arabidopsis wee1 gene decreases cell division related to cell cycle arrest on the DNA integrity checkpoints (De Schutter et al., 2007) . The expression of mitotic cell cycle-related genes did not differ significantly between wild-type and tdp plants. These results indicate that AtTDP did not affect genes that are involved in the control of the cell cycle. Therefore, we further examined the possibility that decreased cell number in tdp plants is caused by progressive cell death during Arabidopsis development. Indeed, our sensitivity test to DNA damage agents revealed that tdp plants were hypersensitive to CPT. In addition, CPT-induced cell death was more frequently observed in rosette leaves of tdp plants than in wild-type plants, suggesting the failure of DNA damage repair and progressive cell death in the tdp mutant. To determine whether mutant plants are generated by cell death, we directly stained cotyledons and rosette leaves of wild-type and tdp plants with trypan blue. The tdp plants strongly showed progressive cell death from the early developmental stage. These results indicate that the accumulation of DNA damage caused by the loss of AtTDP function induced cell death in Arabidopsis. CPT-induced cell death was also observed in yeast and human tdp1 mutants. The human Tdp1 gene in SCAN1 cells is hypersensitive to CPT and induces cell death in treated cells (El-Khamisy et al., 2005; Interthal et al., 2005) . Yeast tdp1 mutants, when coupled with mutation of the other DNA repair genes, show a significant effect on the survival of CPT-treated cells Liu et al., 2002 Liu et al., , 2004 Vance and Wilson, 2002) .
Altogether, our data demonstrate that the correlation between the tdp mutant phenotype and the biochemical function of the AtTDP protein is consistent with Tdp1's role in repairs of topoisomerase I-induced damage. Therefore, we conclude that a failure in the repair of topoisomerase-mediated DNA damage could result in an accumulation of these products in the cells and in cell death, leading to the dwarf phenotype during Arabidopsis development. This finding provides a better understanding of the role of AtTDP during Arabidopsis development.
MATERIALS AND METHODS
Identification and Characterization of the Mutant
A population of Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 plants was transformed with pSKI015 (Weigel et al., 2000) using the floral dip method (Clough and Bent, 1998) and screened for mutants with abnormal phenotypes. T-DNA-tagged plants were selected with 0.1% BASTA (Duchefa) by spraying twice a week for 3 weeks. The genomic DNA flanking the T-DNA Figure 6 . RT-PCR analysis and flow cytometry. A, Quantitative expression analyses of several mitotic cell cycle genes in wildtype (WT) and tdp plants. Total RNAs from rosette leaves from the wild type and tdp were reverse transcribed and amplified by PCR. The individual columns represent the relative expression of each gene in the tdp mutant compared with wild-type gene expression levels. The experiment was carried out five times, and the intensities of RT-PCR bands were measured by densitometer. The values show averages of independent replicates 6 SD. B, Flow cytometry analysis of leaves from 10-d-old Arabidopsis wild-type (left) and tdp (right) plants. Aggregate data from individual histograms of independent measurements are presented 6 SD (n = 5) at bottom. [See online article for color version of this figure.] insertion was identified by modified thermal asymmetric interlaced PCR (Liu et al., 1995) . T-DNA border-specific primers (AtLB1, AtLB2, and AtLB3) and a pool of two arbitrary degenerate primers (DEG1 and DEG2) were used for three rounds of thermal asymmetric interlaced PCR cycling (Supplemental Table S2 ). Homozygous tdp was selected by BASTA segregation analysis and verified by PCR. For complementation, the cDNA of AtTDP was amplified using reverse transcription (RT)-PCR with specific primers (AtTDP-F and AtTDP-R; Supplemental Table S2 ). The cDNA fragment containing the AtTDP open reading frame was cloned into pGEM-T Easy vector (Promega). The positive plasmid was subcloned into the binary vector pBI121 (Clontech). An identified positive clone was used for transformation of Agrobacterium tumefaciens C58C1 by the heat shock method, and the plasmids were transformed into Arabidopsis tdp plants using the floral dip method (Clough and Bent, 1998) . We obtained the independent transgenic lines with kanamycin and BASTA resistances.
All Arabidopsis plants were grown in long days (16 h of light/8 h of dark) under fluorescent lights at 22°C with 70% humidity.
Nuclear Localization of the AtTDP-GFP Fusion Protein
To make the AtTDP-GFP fusion protein, the AtTDP cDNA sequence was amplified by PCR using the G-F and G-R primers containing a BamHI site and fused to GFP (Supplemental Table S1 ). Rosette leaves of wild-type plants grown for 2 weeks were used for the isolation and transformation of protoplasts. Ten micrograms of plasmid DNAs containing AtTDP-GFP fusion constructs was transfected into protoplasts. Then, protoplasts were incubated in the dark condition at 24°C for 24 h. Images were obtained using a confocal microscope (Bio-Rad Radiance 2000/MP).
Production of Recombinant AtTDP Protein
Full-length AtTDP cDNA was prepared from the leaves of 2-week-old plants by RT-PCR. RT-PCR was performed using the AtTDP-specific primers TDPBamHI-F and TDPSacI-R (Supplemental Table S2 ), the full-length coding sequence was PCR amplified, and the PCR products were cloned into pGEM-T Easy vector (Promega). The deletion protein (D235-244) was produced by Mutagenex, and mutation was confirmed by sequencing. The mutant proteins were expressed in Escherichia coli BL21 (DE3) cells using the pET expression system (Novagen). The recombinant AtTDP protein was purified by the His·Bind Resin and the His·Bind Kit (Novagen) as described by the manufacturer.
Enzyme Assays of Recombinant AtTDP Protein
The enzymatic activity of AtTDP as a phosphodiesterase to cleave tyrosyl residue was examined as described by Yang et al. (1996) . The oligonucleotide sequence of the 18-Y substrate used for the enzyme assay was 5#-TCCGTTGAAGCCTGCTTTy-3#. Purified AtTDP proteins and 18-Y substrates were incubated in the reaction mixture (50 mM Tris-HCl, pH 8.0, 80 mM KCl, 2 mM EDTA, 1 mM dithiothreitol, 40 mg mL 21 bovine serum albumin, and 5% glycerol) at 28°C. After 10 min of incubation, reactions were quenched by the addition of 10 mL of formamide sequencing buffer. Six-microliter aliquots were electrophoresed on a 20% sequencing gel. In addition, blunt substrate 18-mer (5#-AAAGCAGGCTTCAACGGA-3#), tail substrate 43-mer (5#-ACC-GTTTCGCYCAAGTTAGTATGTCAAAGCAGGCTTCAACGGA-3#), and nick substrate 25-mer (5#-GACATACTAACTTGAGCGAAACGGT-3#) were prepared as DNA substrates. Duplex substrates were prepared by mixing 10 pmol of the 18-Y substrate with 18-mer, 43-mer, and 25-mer followed by heat denaturation and slow cooling at room temperature. Duplex substrate ratios were as follows: blunted duplex, 18-Y:18-mer = 1:1; tailed duplex, 18-Y:43-mer = 1:1; nicked duplex, 18-Y:43-mer:25-mer = 1:1:1 (Supplemental Fig. S1 ). The substrate-change assay was examined in the same manner as the enzyme activity assay.
Histology and Microscopy
To obtain the cross-sections of stems, samples were placed in a fixation solution containing 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.0) under vacuum conditions for 2 d at 4°C. Fixed samples were rinsed with phosphate buffer twice and dehydrated through a series of graded ethanol. After infiltration with xylene, samples were embedded in paraplasts. Eightmicroliter-thick sections were stained in toluidine blue solution (0.1% toluidine blue and 0.1 M sodium phosphate buffer, pH 5.0) for 1 min. After destaining in running water, sections were dried and mounted (Cerri and Sasso-Cerri, 2003) . Images were taken on a Zeiss Stemi SV11 microscope with a Nikon COOLPIX 4500 digital camera. For scanning microscopy images, all fixed plant samples were rinsed twice with 0.1 M phosphate buffer (pH 7.0) and transferred to 2% osmium tetroxide solution in 0.1 M phosphate buffer (pH 7.0) at 4°C for at least 1 week. After osmium treatment, samples were dehydrated through a graded ethanol series (Bowman et al., 1989) . Dehydrated samples were critical point dried in liquid CO 2 and coated with platinum.
Cell Number and Cell Size Measurements
SEM images of leaves and petals of wild-type and tdp plants were taken, and the numbers of cells in the middle of the leaf and the petal surface were determined. For the quantitative comparison between wild-type and tdp plants in terms of individual cell size, the projected areas of abaxial and adaxial leaves and petal were measured. First, the cell perimeter was defined manually using corresponding SEM images. Using MATLAB (Mathworks), the segmented images were further processed and individual cell sizes were measured. A minimum of three nonoverlapping fields with 20 to 60 cells were analyzed for each experimental group, and two independent experiments were conducted per condition.
RT-PCR
Total RNA extracted from rosette leaves of wild-type and tdp mutant plants was isolated using an RNAeasy kit (Qiagen) and reverse transcribed using a RT-PCR kit (Takara). RT was performed at 42°C for 60 min in a PCR 9700 system (Perkin-Elmer). The denatured cDNA was amplified using designed specific primers (Supplemental Table S1 ). PCR was performed using the PCR 9700 system for 30 cycles at 94°C for 1 min, 50°C for 1 min, and 72°C for 2 min. PCR products were analyzed on a 0.7% (w/v) agarose gel. The tubulin2 gene was used as a control.
Flow Cytometry
The ploidy levels of leaf cell nuclei from 10-and 28-d-old wild-type and tdp plants were determined by flow cytometry using FACS canto (BD Biosciences). Leaves were chopped with a razor blade in Galbraith buffer (pH 7.0, 45 mM MgCl 2 , 30 mM sodium citrate, and 20 mM 4-morpholinepropane sulfonate) with 0.1% Triton X-100 (Galbraith, 1983) , filtered through 30-mm-pore nylon (BD Biosciences), and stained with propidium iodide solution (50 mg mL 21 ; Sigma). Data were collected for approximately 5,000 nuclei per run and are presented on a logarithmic scale.
DNA Damage Agent Treatment and Measurement of Total Chlorophyll Contents
Wild-type and tdp plants were used to evaluate their sensitivities to CPT. Five-day-old seedlings were transferred into 0.5% Murashige and Skoog medium supplemented with varying concentrations of CPT. Seedlings in CPT-treated medium were allowed to grow for about 2 weeks. The total chlorophyll contents of whole plants treated by DNA damage agents were measured, following the method outlined by Porra (2002) . The absorbance of the supernatants was measured by the spectrophotometer (Pharmacia) at 646.6 and 663.6 nm. The chlorophyll contents were calculated using the following equation: chlorophyll a + b = 17.76 A 646.6 + 7.34 A 663.6 .
Cell Death Measurement
The leaves and cotyledons of wild-type and tdp plants were boiled for 1.5 min in a solution prepared as follows: phenol:lactic acid:glycerol:water:95% ethanol at the ratio of 1:1:1:1:4 with 0.4% (w/v) trypan blue (Invitrogen). Samples were destained using 0.1% chloral hydrate (Sigma-Aldrich) for 2 d and then mounted in 50% glycerol (Koch and Slusarenko, 1990) . The treated plants were imaged with a Nikon COOLPIX 4500 digital camera.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession number FJ858738.
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